Objectives. Previous studies suggest that dietary patterns and the extent of reliance upon traditional food vary among Inuit communities. Inuit traditional foods are an important source of nutrients such as highly unsaturated n-3 fatty acids (HUFA n-3), whose beneficial effects include protection against ischemic heart disease. Dietary transition is occurring with younger generations consuming less traditional foods and more market foods with low nutrient density. Utilizing erythrocyte membrane fatty acid composition as an indicator of body HUFA n-3 status, which reflects dietary intake levels of traditional Inuit foods, we explored the regional and age variability of highly unsaturated n-3 fatty acids (HUFA n-3) in the International Polar Year Inuit Health Survey. Study design. Cross-sectional health survey. Methods. Participants were recruited through random sampling of households. Fatty acid data were available among 2,200 adults (≥18 yr). Results. HUFA n-3 levels in the Eastern Arctic were significantly higher than in the Western Arctic, with Nunatsiavut (northern Labrador) and Baffin showing the highest HUFA n-3 status compared to Kivalliq, Kitikmeot and Inuvialuit Settlement Region (ISR) (p<0.0001). Fatty acid proportion in erythrocyte membranes showed pronounced differences between coastal communities and inland communities, including a higher HUFA n-3 status among the coastal communities (p<0.0001). Additionally, the HUFA n-3 status showed a strong positive association with age, particularly in Baffin and Kivalliq. HUFA n-3 were inversely associated with saturated (ß=-0. 
INTRODUCTION
Canadian Inuit, who are a group of Indigenous people residing in Canadian arctic regions, have been experiencing rapid social, cultural and economic changes in recent decades. The nutritional and health data that are available for these populations represent fragmented assessments over time and diverse geographic areas. The lifestyle transition being observed has become a public health concern with epidemiologic transitions being noted in obesity and chronic disease risk (1), which were rare in the past (2) (3) (4) . Dietary transition away from traditional foods, which are rich in various nutrients (5) , is one critical factor linking the lifestyle changes with the shifting pattern in health and disease. In that regard, alterations in dietary fat intake are of interest given their importance in the development of chronic disease risk (6, 7) .
Most evidence regarding dietary transition among Arctic Inuit has been obtained from dietary studies (8) (9) (10) (11) as well as food component analysis (12) , while analyses of biomarkers of nutritional exposures have been under-represented. The measurement of fatty acid composition of erythrocyte membranes used in the current study has been commonly used to assess highly unsaturated fatty acids (HUFA) and trans fatty acids (TFA) intake in epidemiologic studies (13) . HUFA are fatty acids with more than 3 carbon-carbon double bonds in the carbon chain of the fatty acids, and a HUFA n-3 fatty acid refers to a HUFA with its first carbon-carbon double bond in the third bond from the methyl end of the fatty acid. For HUFA and other unsaturated fatty acids, their chains of carbon atoms are on the same side of the double bond(s), which is called the cis arrangement. Although TFA have carboncarbon double bonds in their carbon chain, they have the trans arrangement in which the chains are on opposite sides of the double bond(s). In an earlier study in a Baffin community, a strong positive association between age and plasma C20:5 n-3 and C22:6 n-3 was noted (14) . Similarly, n-3 fatty acids of erythrocyte membrane phospholipids increased with age in the 2004 Nunavik Health Survey, as well as in Greenland (15) . Furthermore, in the 2004 Nunavik Health Survey, TFA levels were especially high among the Inuit youth (15) . In a small Baffin community health survey, plasma n-3 fatty acids were inversely related to TFA, indicating that traditional food is replaced by market food of poorer quality (16) . A previous health survey measuring plasma phospholipid fatty acids was done in Keewatin (now Kivalliq) whereby an increase of C20:5 n-3 was reported among older Inuit (17) .
For Indigenous people, food choice is influenced by multiple factors (18, 19) . Age is a strong determinant of traditional food consumption, with younger Indigenous people in the arctic consuming less traditional food than older individuals within the same communities (8, 14, 15, 20) . Other factors including road access, latitude and population size were also proposed as being determinants of dietary habits (21) . Dietary assessment data collected in 16 communities in Canada's Northwest Territories showed that communities with higher intakes of traditional food were more likely to be located at higher latitudes (22) .
It is important to monitor HUFA n-3 status among Arctic Inuit given that HUFA n-3 is an indicator of dietary patterns (23) , and has beneficial health effects. The protective effects of HUFA n-3 are attributed to their various physiological functions, including their maintenance of normal biomembrane structure (3) and function and precursors of eicosanoids (24) ; their key regu-HUFA n-3 status and Canadian Inuit lation of genes involved in lipid homeostasis (3); and their anti-arrhythmic action (5, 6 HUFA n-3 status and Canadian Inuit
MATERIAL AND METHODS

Location and participants
Anthropometric measures
Weight and body fat percentage were measured using a 4-point bioelectrical impedance scale (Tanita, Tokyo, Japan). Height was measured without shoes to the nearest millimetre using a stadiometer with the patient standing on a hard surface. BMI was calculated (kg/m 2 ). Waist circumference was measured at the end of a normal expiration with the tape placed horizontally between the last floating rib and the top of the hip, and the measurement was taken to the nearest millimetr. Obesity was defined by BMI ≥30 kg/m 2 and abdominal obesity was defined by the waist circumference (waist ≥102 cm in men and ≥88 cm in women) (25) .
Interview
Detailed methodology has been described previously (26) . Briefly speaking, trained interviewers who were bilingual in English and Inuit language administered questionnaires to collect demographic data including alcohol consumption, smoking, education and primary language spoken in the home. Alcohol consumption information included whether the participant had drunk in the past 12 months; what type of alcohol they drank (such as beer, wine, liquor, etc.); and how much alcohol they had consumed in 1 day the last time they drank. A drink was defined as 1.5 ounces of liquor, 5 ounces of wine or 12 ounces of beer.
Fatty acid analysis
Blood concentrations of fatty acids were determined in erythrocyte membrane by gas-liquid chromatograph (Lipid Analytical Laboratories Inc, Guelph, Canada). Fatty acid composition of erythrocytes was determined based on methodology previously reported (6, (27) (28) (29) . The fatty acid methyl esters were analysed on a Varian 2400 gas-liquid chromatograph (Palo Alto, CA) with a 60-m DB-23 capillary column (0.32-mm internal diameter).
Statistical analysis
Fatty acid concentrations as a percentage of total fatty acids were evaluated by demographic characteristics, including geographic regions, and by coastal versus non-coastal communities. Mann-Whitney U-test was applied to compare the compositions of fatty acid classes by demographic characteristics. Due to the pronounced differences in the fatty acid composition of their erythrocyte membranes, coastal and inland Inuit were analysed separately. General linear models (GLM) were used to compare fatty acid profiles of erythrocyte membranes among Inuit from coastal regions. If the overall difference was significant, pairwise comparisons were conducted with Bonferroni correction. Highly skewed variables were log-transformed before being entered into the GLM. Chi-square tests were used for categorical variables, and if the overall difference was significant, a multiple comparison procedure was conducted by the methods established by Zar and COMPPROP macro in SAS, which was applied for the test (30) . Mann-Whitney U-test was also used to compare 1 inland community, Baker Lake, with the other 2 inland communities, Inuvik and Aklavik. As gender and obesity measures did not significantly interact with the fatty acid-related associations, data on men and women were combined for analyses. Ageadjusted multivariable linear regression was used to separately evaluate the associations of n-3 fatty acids (independent variables) with total SFA and TFA (dependent variables). All P values were obtained from 2-sided tests. Data were analysed with the SAS software (version 9.2; SAS Institute, Cary, NC).
RESULTS
Subject characteristics of each survey region
The mean age of survey participants ranged from 41.0 years (SD=15.0) in Kitikmeot to 44.5 years (SD=14.0) in Nunatsiavut (Table I ). The significant difference in age among regions (p=0.012) was largely due to the large survey sample size, rather than biologically meaningful age differences. Female participants were more prevalent than male participants in each region, from 58.0% in coastal communities (in Kivalliq) to 69.7% in Aklavik and Inuvik (in ISR). However, the gender distribution did not significantly vary by region (Table I) . Obesity is prevalent among all regions, with abdominal obesity showing particularly high rates, ranging from 35.7% in Baffin to 74.3% among the inland communities of ISR (Table I ).
In general, over 50% of Inuit participants reported current smoking and alcohol consumption with a median (interquartile) of 6.00 drinks (3.00- 
Fatty acid composition of erythrocyte membranes by demographic characteristics
Speaking an Inuit language in the home was associated with significantly higher HUFA n-3 levels when compared to those residing in nonInuit-speaking homes (p<0.05) (Table II) . On the other hand, males had slightly higher SFA than females; smokers had slightly higher MUFA and HUFA n-6 than non-smokers; and obese Inuit showed higher SFA than non-obese Inuit (Table  II) . However, these differences were largely due to the large survey sample size rather than biologically meaningful differences in fatty acid compositions. HUFA n-3 status and Canadian Inuit 
HUFA n-3 status and Canadian Inuit
Fatty acid composition of erythrocyte membranes by region Regional differences in the fatty acid composition of erythrocyte membranes were observed, particularly between inland and coastal communities (Table III) (Fig. 2) . The n-3 status of inland communities was pronouncedly lower than that of coastal regions. Within inland communities, HUFA n-3 status was lower in the Aklavik and Inuvik regions of ISR than in Baker Lake (p<0.05). Among coastal communities, Kitikmeot (Nunavut) and Kivalliq (ISR) had the lowest HUFA n-3 status of all the Arctic regions (p<0.05 for all). A much lower n-6 fatty acid status was also noted in inland communities. At the same time, SFA levels for the inland communities were considerably higher than that of coastal regions. Moreover, higher TFA was observed among inland Inuit than coastal Inuit. Among coastal communities, TFA were lowest in Baffin (p<0.05). Similarly, fatty acids-derived ratios showed significant regional discrepancies: the n-6/n-3 ratio was higher in inland communities, particularly in Aklavik and Inuvik where the ratio was more than 2 times higher than that observed in other survey regions. Among coastal regions, the n-6/n-3 ratio was higher in Kivalliq than in other coastal communities (p<0.05). The other ratio, C22:5 n-3/C20:5 n-3, was lower in the inland compared to that in the coastal communities. Among coastal regions, C22:5 n-3/C20:5 n-3 seemed to be higher in Kivalliq and Nunatsiavuit (p<0.05). SFA/PUFA of inland communities was noticeably higher than that of coastal regions. Among the coastal regions, the highest SFA/ PUFA was observed in Kitikmeot and coastal Inuvialuit (p<0.05).
Associations of primary HUFA n-3 fatty acids with SFA and TFA In the age-adjusted linear regression models, HUFA n-3 fatty acids were inversely related to SFA and TFA (Table IV) . In particular, C22:5 n-3, C22:6 n-3 and total HUFA n-3 fatty acids were strongly related to SFA (in the linear regression models, R 2 attributed to SFA >0.3). 
Fatty acid composition across age groups HUFA n-3 fatty acids correlated strongly with age (r=0.622 in Baffin and Kivalliq, r=0.256 in other regions, both p<0.0001, data not shown). The regional factor showed a significant interaction regarding the association between age and HUFA n-3, as the trend of an increasing HUFA n-3 status with age was more evident in Baffin and Kivalliq than in the other regions (Fig. 3) .
DISCUSSION
The fatty acid profiles of erythrocyte membranes shifted across the Canadian Arctic area. Generally speaking, HUFA n-3 status was highest in Nunatsiavut to the east and in Baffin in the northeast, and lowest in the western regions. In contrast, TFA, n-6 to n-3 ratio and SFA to PUFA ratio demonstrated an opposite trend regarding the above regional differences. Overall, coastal Inuit and inland Inuit appear to have dietary fat intake patterns that are very distinct from each other, with the latter more dependent on market foods containing high SFA and TFA but low HUFA n-3. Further, HUFA n-3 fatty acids showed a strong positive association with age among survey participants from Baffin and Kivalliq, indicating that dietary transition is occurring in these communities. Conversely, the age-associated differences in fatty acids in other regions were relatively minor, suggesting a more uniform dietary pattern in the population. Regional differences of fatty acid composition of erythrocyte membranes among Inuit populations reflect the relative extent of their reliance upon traditional and market foods. The ratio of n- HUFA n-3 status and Canadian Inuit 6/n-3 in Indigenous people's diets has been used as an indicator of dietary Westernization, with higher ratios indicating lower consumption of traditional foods (31) . Similarly, TFA and SFA also indicate a greater reliance upon market food. Interpretation of the n-6/n-3 ratios without other dietary indicators, however, should be viewed with caution. Although marine mammals, such as seals and whales, as well as marine and freshwater fish are all part of the Inuit traditional food system, wild land animals such as game animals and birds are also consumed (16) . Analyses of Arctic food items showed that the fatty acid composition differs in the meat from marine mammals and from land animals (32) . A high consumption of land animals relative to marine mammals or fish would also result in a high n-6/n-3 ratio. Compared to land animals, marine mammals and marine fish are the good sources of HUFA n-3, particularly of C20:5 n-3 and C22:6 n-3, and are low in SFA and n-6 fatty acids. Compared to C22:6 n-3, C20:5 n-3 was suggested to be a better indicator of fish intake (36) . Land animals, on the other hand, were found to be high in C22:5 n-3 (33,34) and C18:2 n-6 (32, 33) . Similarly, a study of repeated 24-h recalls showed that C22:5 n-3 was the dominant HUFA n-3 in meat (35) . Given the suggested discrepancy regarding the main dietary sources of HUFA n-3, a high C22:5 n-3/C20:5 n-3 might be a novel indicator of a diet containing a larger proportion of land animals than that of both fish and marine mammals, which has not been examined in the literature. However, when land animal meat was compared to market meat, the former would still be a better choice for health in terms of its fatty acid profile. For example, the National Nutrient Database of United States and Canada showed that even lean beef has a pronouncedly higher proportion of SFA, which would account for about half of the beef fat (37, 38) . In contrast, beef only contains negligible PUFA, which mostly are n-6 (37, 38) . Interestingly, beef from grass-fed cows had higher HUFA n-3 fatty acids than that from grain-fed cows (37) . Also, wild Atlantic salmon was reported to be "leaner" but had proportionally higher HUFA n-3 compared to farmed Atlantic salmon (38) . The above findings suggest that when evaluating the intake level of traditional foods vs. market foods in a given Inuit region, a variety of different overall indicators need to be considered, rather than using 1 specific biomarker. When dietary patterns shift, the fatty acid composition of erythrocyte membranes will change accordingly.
In the current study, the fatty acid profile of erythrocyte membranes between inland Inuit and coastal Inuit demonstrated strikingly pronounced differences. Technically, the Baker Lake community of Kivalliq is the only inland Arctic community in Canada (39); it is located on the shore of Baker Lake, a freshwater lake. Aklavik and Inuvik of Inuvialuit are situated along the Mackenzie Delta, which is Canada's largest freshwater delta (40), and so these communities were also categorized as inland communities in the analysis. Inland Inuit would have less access to marine mammals and marine fish than coastal Inuit. The low PUFA status -including both HUFA n-3 and n-6 -that was observed among inland Inuit along with their relatively high TFA, SFA and SFA/PUFA levels indicate that they have a more Westernized dietary pattern than Inuit residing along the coast. At the same time, the much higher n-6/n-3 ratio of Aklavik and Inuvik along with their lower C22:5 n-3/C20:5 n-3 ratio suggests that these Inuit communities have a higher consumption of market foods than Baker Lake Inuit.
Ranging from the Eastern Arctic to the Central and Western Arctic regions, a decreasing HUFA n-3 status was observed in the coastal communities. On the western side of Canadian Arctic, popula-tions in ISR had the lowest HUFA n-3 status. ISR is a rather modernized region with mining and oil production being an important industry (40,41). Wage-earning employment provide current Inuvialuit Inuit with more reliable livelihood than traditional hunting (41) , but could also consequently set restraints on time and/or energy for community members to engage in hunting or fishing for obtaining traditional foods, resulting in a greater dependence upon store-bought foods.
The fatty acid profile of the erythrocyte membranes of survey participants showed a shifting pattern in the north-to-south dimension, from Baffin to Kitikmeot to Kivalliq. Among the 3 regions, Baffin Inuit showed the highest HUFA n-3 status and the lowest ratios of C22:5 n-3/C20:5 n-3 and n-6/n-3, suggesting higher consumption of marine mammals and marine fish among Baffin Inuit relative to their consumption of wild land animals.
Among Inuit across the Canadian Arctic, the fatty acid profile clearly demonstrated generational differences. Young Indigenous people are consuming less traditional food than older individuals, indicating that a dietary transition is occurring consistent with previous reports in Nunavik (10) , Baffin Island (9), Belcher Islands (42) and more recently among the Cree of James Bay, Quebec (20) . Age-related dietary transition is driven by the interplay among multiple factors, such as age differences in food preference (43) ; greater representation of younger adults in the workforce, leaving them less time for hunting and harvesting activities (43) ; and customs of providing traditional food to an elder as an expression of respect (42) .
Between-regional differences of HUFA n-3 status among Canadian Arctic Inuit are more difficult to interpret. When comparing regions, it is important to recognize that market food choices -but not market food, per se -influence fatty acid profiles (5) . Moreover, traditional foods are harvested locally and nutrient concentration of traditional foods from the same species could vary by geographic locations. Additionally, household economy varies between regions, which could also influence market food choices.
Interestingly, the association between HUFA n-3 and age in the Central Arctic regions of Baffin and Kivalliq was much stronger than that in other Arctic regions. The reasons for the latter observation are not clear. Among the Ganasan of Siberia, Russia, there was no age-related association with n-3 and n-6 levels. The Ganasan population was suggested to have adapted to a stable dietary pattern, as their "acculturation" process had already been completed (14) . Coincidentally or not, according to the 2006 Canada census, Baffin and Kivalliq are the 2 regions that reported the highest proportion of people speaking nonofficial languages (presumably Inuit traditional languages) at home rather than English: 65% and 60%, respectively (44) . The proportion of homes that spoke a non-official language was only 24% in Baker Lake, 14% in Kitikmeot and as low as 2-3% in Inuvik and Aklavik (44) . Similarly, in our survey, a large proportion of Baffin Inuit and Kivalliq Inuit reported to speak Inuit languages only at home, in contrast to only a minority of Inuit in Kitikmeot, ISR and Nunatsiavut. Language is the core of a culture. The predominant and primary language spoken at home likely reflects the degree of western influence and could also be related to traditional food-harvesting activities, consumption and fatty acid status. The above conclusion was supported by the observation from the current study, in that higher levels of HUFA n-3 were found among Inuit who only spoke Inuit language at home than among Inuit who spoke English or French at home.
Data from the IPY Inuit Health Survey strongly HUFA n-3 status and Canadian Inuit suggests that Inuit foods that are rich in HUFA n-3 are being replaced by low-quality market foods or other local foods with inferior HUFA n-3 levels. These trends are particularly evident in inter-generational differences and the difference between inland and coastal communities. Consequently, a deteriorating fatty acid profile, characterized as a reduced protective factor (HUFA n-3) and elevated detrimental factors (SFA and TFA), is occurring among Inuit, particularly the young and those living in inland communities. Our data confirms that obesity is prevalent among Canadian Arctic Inuit. In line with a recently published study conducted among the Cree of James Bay (20) , and other human observational studies (45) (46) (47) and animal experiments (48, 49) , an inverse relationship was observed between adiposity and ∆5 (waist: r =-0.162, p<0.0001, adjust for age, data not shown), a critical enzyme in the biosynthesis of HUFA. Obesity is also related to insulin resistance, whose inhibition on ∆5 has been well-documented in the literature (50) . Thus, obesity among Inuit could reduce biosynthesis of long-chain fatty acids and thereby exacerbate the effects of reduced n-3 intake associated with dietary transition. In the current study, no significant difference was observed between obese and non-obese participants, but non-obese Inuit were younger than obese Inuit. (For non-obese and obese Inuit, their ages were 41.13 yr ±15.43 and 44.40 yr ±14.81 yr respectively, p<0.05; after age adjustment, their HUFA n-3 levels were 5.54 ±0.09 % and 5.48 yr ±0.12 % respectively, though the above difference was not statistically significant [data not shown]). Furthermore, a hypothesized genetic impairment in ∆5 activity was proposed by Gibson and Sinclair (51) . A few studies among Canadian Central Arctic Inuit, Canadian westcoastal Inuit and Greenland Inuit also reported similar observations, which were not explained by these populations' diets (17, 52, 53) . While further research is warranted, it can be hypothesized that dietary transition compounded by a high prevalence of obesity among Inuit could eventually increase disease burden in this population.
There are a few limitations of the current study. As a cross-sectional survey, no causality can be established from the observed associations. Moreover, there were no data available at the time of data analysis and manuscript drafting about the absolute calorie intake of food items consumed -nor about insulin, which is an important regulator of Δ5. Also, compositional analysis of meal samples is recommended in future studies, which could provide a more accurate assessment of regional differences than dietary studies alone. Furthermore, comparison of the composition of meals collected over time could help in the evaluation of temporal changes in diet. Additionally, the fatty acids in the erythrocyte membranes are under the control of both genetic and environmental factors: consumption, assimilation and absorption in the gastrointestinal tract; ß-oxidation, synthesis, elongation and desaturation in tissues; redistribution in tissues; and incorporation into the bio-membrane, though red blood cell HUFA respond to differences in dietary intake more so than saturated fatty acids do (23) .
According to the best knowledge of the authors, the present study is the first to describe the fatty acid composition of erythrocyte membranes in Inuit across the Canadian Arctic. In contrast to popular perceptions of a homogeneous population, considerable differences in fatty acid profiles were observed among Canadian Inuit, reflective of the heterogeneous dietary intake patterns between regions and generations. The current study provides additional evidence of dietary transition among Arctic Inuit, which may unfortunately exacerbate their chronic disease risk.
